Increased expression levels of miR-181 family members have been shown to be associated with favorable outcome in patients with cytogenetically normal acute myeloid leukemia. Here we show that increased expression of miR-181a and miR-181b is also significantly (P < . 
Introduction
MicroRNAs (miRNAs) are an abundant class of small noncoding RNAs of approximately 22 nucleotides (nt) that posttranscriptionally regulate expression of target genes via cleavage/degradation and/or translation repression of the encoded mRNAs. 1 Altered miRNA expression has been associated with various types of cancers, [1] [2] [3] including acute myeloid leukemia (AML), 4, 5 and changes in the expression of certain miRNAs has been shown to be associated with prognosis in AML patients. [6] [7] [8] [9] The miR-181 family was reported first as an important regulator of B-cell development 10 and T cell-related immune response. 11 Subsequently, miR-181 family members were identified as either tumor suppressors or oncogenes in various cancers depending on tissue types. [12] [13] [14] Increased expression levels of miR-181 family members have been shown to be associated with favorable outcome in patients with cytogenetically normal AML (CN-AML), [7] [8] [9] whereas the prognostic impact of miR-181 in cytogenetically abnormal AML (CA-AML) remains to be investigated.
Homeobox genes encode transcription factors that contain homeodomain(s), which can bind DNA in a sequence-specific manner. Homeotic or Hox genes are highly conserved in most animals, and in mammals, there are 4 (ie, A, B, C, and D) clusters and 39 Hox genes. 15, 16 Hox proteins can form heterodimers or heterotrimers with members of the 3-amino-acid loop extension family of cofactors, including PBX and MEIS proteins to regulate the transcription of downstream targets directly. [15] [16] [17] [18] The aberrant overexpression of these homeobox genes (particularly HOXA5, HOXA7, HOXA9, HOXA10, MEIS1, and PBX3) has been frequently reported previously in various subtypes of intermediate or poor prognosis CA-AML, including those bearing MLL (mixed lineage leukemia) rearrangements [19] [20] [21] [22] [23] [24] [25] [26] [27] or trisomy 8. 28 However, although the expression profile of HOXA7, HOXA9, or PBX3 has been implied to be associated with poor survival of AML patients in several individual studies, 20, [29] [30] [31] their prognostic impact has not been tested in multivariable models or been validated by further large-scale independent studies. In addition, the molecular mechanism(s) underlying their differential expression among various subtypes of CA-AML with different prognosis remains unclear.
In the present study, we tested the prognostic impact of all 4 members of the miR-181 family (ie, miR-181a, miR-181b, miR-181c, and miR-181d) in 2 sets of patients with CA-AML. We show first that the increased expression level of miR-181a or miR-181b is significantly (P Ͻ .05) associated with longer overall survival (OS) in both patient sets we tested. Among the putative target genes that exhibited a significantly (P Ͻ .05) inverse correlation of expression with miR-181b in a patient set with both miRNA and mRNA expression profiles available, we identified a signature composed of 4 homeobox genes (including HOXA7, HOXA9, HOXA11, and PBX3) whose increased expression level was significantly (P Ͻ .05) associated with shorter OS in 183 CA-AML patients of 3 independent sets in both univariable and multivariable model analyses. The prognostic impact of this 4-gene signature was further confirmed in a validation set of 271 CA-AML patients. We further used both in vitro and in vivo models to validate the biologic function of miR-181a/miR-181b and one of its target genes (ie, PBX3) in a subtype of CA-AML carrying MLL rearrangements.
Methods
Additional information about methods is provided in supplemental Methods (available on the Blood Web site; the Supplemental Materials link at the top of the online article). Supplemental Figure 1 illustrates the entire study design.
Patient samples
All of the CA-AML patient samples were obtained before treatment and with informed consent at the corresponding hospitals in accordance with the Declaration of Helsinki; study protocols were approved by the respective institutional review boards. All patients were treated according to the protocols of the corresponding institutes/hospitals (supplemental Methods). The samples were collected from the University of Chicago Hospital (USA-set I and USA-set II), the Cancer and Leukemia Group B (CALGB; USA-set III), the AML Study Group (Germany-set I), 20 and the DutchBelgian Hematology-Oncology Cooperative group (Netherlands-set I), 32 respectively. The clinical and molecular characteristics of these patients are shown in Table 1 .
RNA preparation
Blasts and mononuclear cells were purified by use of NycoPrep 1.077A (Axis-Shield) according to the manufacturer's manual, and then total RNA was isolated by use of miRNeasy Mini Kit (QIAGEN; for USA set I, 33 -II, and -III), Trizol reagent (Invitrogen; for Netherlands set I), 32 or guanidinium isothiocyanate followed by cesium chloride-gradient purification (for Germany set I). 20 
miRNA and mRNA expression profiling assays
The miRNA expression profiling assays of USA-set I and USA-set II were conducted by use of a bead-based method 33, 34 and Exiqon miRCURY LNA arrays Version 10.0 (covering 757 human miRNAs; Exiqon), respectively.
The mRNA microarrays of Germany-set I 20 and Netherlands-set I 32 were conducted by use of Stanford cDNA arrays and Affymetrix U133 Plus Version 2.0 arrays (Affymetirx), respectively. Two novel datasets, including USA-set II-35S and USA-set III, were analyzed by use of Agilent's custom-design microarrays (Agilent Technologies) and Affymetrix GeneChip Human Exon Version 1.0 ST arrays, respectively. Data analyses are described in supplemental data.
All the microarray data have been deposited in the Gene Expression Omnibus (www.ncbi.nlm.nih.gov/geo), and the accession numbers include GSE425, GSE14468, GSE30285, and GSE30258.
Statistical analyses
OS was measured from the date the patient was enrolled onto the study until the date of death, and patients alive at last follow-up were censored.
Survival was estimated according to the method of Kaplan and Meier. The log-rank test was used to assess statistical significance. Cox regression was used to assess the association of a given variable with OS. For a given gene signature composed of 2 or more genes, a compound covariate 35 was derived for each patient sample by computing a linear combination of expression values of all genes in that signature. Multivariable testing was performed using Cox proportional hazards models. P values Ͻ .05 were considered statistically significant.
Identification of the 9 poor survival-associated miR-181 potential target genes via a meta-analysis
In each dataset of USA-set II-35S, USA-set III, and Germany-set I, Cox regression was used to estimate the prognostication of OS for every gene. Then a meta-analysis was conducted on the Cox regression P values of OS from the 3 CA-AML training sets using the Stouffer method 36 :
where
, pi is a P value for the ith study of k studies in total, and ⌽ and ⌽ Ϫ1 denote the standard normal cumulative distribution function and its inverse. A total of 9 (Table 2 ) of the 159 potential target genes of miR-181 (supplemental Table 2 ) remained as significant predictors after FDR adjustment for multiple comparisons of meta-analysis P values across the 3 training sets (FDR Ͻ 0.05; R packages stats, Hommel adjustment 37 ) and therefore were selected for further studies.
Derivation of the 9-gene and 4-gene signatures
The derivation was performed as described previously 7 with some modifications. As shown in Table 2 , we identified 9 genes whose expression was significantly associated (P Ͻ .05) with poor OS in at least 2 of the 3 training sets (ie, USA-set II-35S, USA-set III, and Germany-set I; Table 2 ) and were potential targets of miR-181 that exhibited a significantly (P Ͻ .05) inverse correlation of expression with miR-181b (supplemental Table 2 ). Among them, 4 genes belong to the homeobox gene superfamily, including HOXA7, HOXA9, HOXA11, and PBX3. Then, a compound covariate 35 was derived for each patient sample by computing a linear combination of expression values of the whole set of the 9 genes or a subset of the 4 homeobox genes. The value of the compound covariate for patient i was ci ϭ ⌺ wj xij, where xij is the log-transformed expression value for probe set j in patient i and wj is the weight assigned to probe set j (here wj was set equal to the average Cox regression correlation coefficient from the 3 training sets for each gene/probe in the signature; Table 2 ). The sum was overall 9 or 4 genes. Then, the derived sum values in a given patient set were dichotomized on the basis of the median value to separate patients into 2 groups. Kaplan-Meier curves were made to estimate actuarial probabilities of OS, and the log-rank test was used to evaluate the significance.
Retroviral constructs
Precursor sequence of miR-181a and miR-181b were PCR amplified from human normal bone marrow mononuclear cells and were then cloned into MSCVneo (Clontech) or MSCV-PIG vector that contains a PGK-puromycin-IRES-GFP (PIG), 3 and labeled as MSCVneo-miR-181a or miR-181b, or MSCV-PIG-miR-181a or miR-181b. MSCVneo-MLL-AF9 is a kind gift from Dr Scott Armstrong. Coding region (CDS) of PBX3 that has no target site for miR-181a/miR-181b and, thus, would not be negatively regulated by miR-181a/miR-181b, was synthesized by GenScript USA and was then cloned into MSCV-PIG and labeled as MSCV-PIG-PBX3-CDS. All inserts have been confirmed by sequencing. The primers are shown in supplemental Table 5 .
Luciferase reporter and mutagenesis assays
The assays were performed as described previously 25, 33 with some modifications (see supplemental Methods for details). For personal use only. on May 14, 2017 . by guest www.bloodjournal.org From Cell apoptosis, viability, and proliferation assays miR-181a (MSCVneo-miR-181a or miR-181a mimics), miR-181b (MSCVneo-miR-181b or miR-181b mimics), or miRNA control (MSCVneo empty vector or scrambled oligos) were cotransfected with MSCV-PIG-PBX3-CDS or MSCV-PIG empty vector into MONOMAC-6/t(9,11), THP-1/t(9,11), or KOCL-48/t(4,11) cells using the Amaxa Nucleofector Technology (Lonza Walkersville) as described previously. 33 The miRNA mimics and scrambled oligos were ordered from Dharmacon RNAi Technologies. Forty-eight hours later, apoptosis was assessed through analyzing caspase-3 and caspase-7 activation using ApoONE Homogeneous Caspase 3/7 Assay (Promega) or through checking annexin V expression by flow cytometry; cell viability was assessed through analyzing metabolic activity of the cells using CellTiter-Blue Reagent (Promega) following the corresponding manufacturer's manuals. To monitor cell proliferation/growth, MONOMAC-6 cells were seeded into 96-well plate with 0.02 million cells per well in triplicates 24 hours after transfection with various plasmids, and then cell numbers were counted every day for 5 days.
Retrovirus preparation
As described previously, 33, 38 retrovirus for each construct was produced in 293T cells by cotransfecting the retroviral construct and pCL-Eco packaging vector (Imgenex). Rat1a cells were used to determine the viral titer. (10) 39 (14) M2 5 (15) 8 (15) 6 (17) 29 (33) 14 (23) 71 (26) M3 8 (24) 9 (17) 8 (23) 31 (36) 9 (15) 18 (7) M4 8 (24) 11 (21) 8 (23) 23 (26) 18 (30) 58 (21) M5 8 (24) 7 (13) 5 (14) 4 (5) 8 (13) 49 (18) 
Not determined 2 (6) 13 (24) 
NA indicates information not available; and FAB, French-American-British. *USA-set-II-35S patients were included in both miRNA and mRNA microarrays, and this set is a part of the USA-set-II.
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In vitro colony-forming selection
To select double-transduction-positive cells, we conducted colony-forming assays first.
For primary bone marrow transplantation (BMT) assays, hematopoietic progenitor (ie, lineage negative, Lin Ϫ ) cells were obtained from a cohort of 4-to 6-week-old B6.SJL (CD45.1) mice 5 days after 5-fluorouracil treatment (150 mg/kg) using the Mouse Lineage Cell Depletion Kit (Miltenyi Biotec), and were then cotransduced with MSCV-PIG ϩ MSCVneo-MLL-AF9 (negative control), MSCV-PIG-miR181a ϩ MSCVneo-MLL-AF9 (MA9 ϩ miR181a), and MSCV-PIG-miR181b ϩ MSCVneo-MLL-AF9 (MA9 ϩ miR181b), respectively, through "spinoculation." 33, 38 Then, 4 aliquots of 1 ϫ 10 4 of the transfected cells were plated into 4 35-mm Nunc Petri dishes in 1.1 mL of Methocult M3230 methylcellulose medium (StemCell Technologies) containing 10 ng/mL each of murine recombinant IL-3, IL-6, and GM-CSF and 30 ng/mL of murine recombinant stem cell factor (R&D Systems), along with 1.0 mg/mL of G418 (Invitrogen) and 2.5 g/mL of puromycin (Sigma-Aldrich).
Cultures were incubated at 37°C in a humidified atmosphere of 5% CO 2 in air for 7 days. Then, colonies cells were collected and replated in methylcellulose dishes every 7 days with 1 ϫ 10 4 cells as input for up to 4 passages.
Primary BMT assays and characterization of leukemia
Colony cells were collected from the colony-forming assays, and after PBS washing twice, the cells were transplanted via tail vein injection into lethally irradiated (960 cGy, 96 cGy/min, ␥-rays) 8-to 10-week-old C57BL/6 (CD45.2) recipient mice. For each recipient mouse, a total of 1.5 ϫ 10 6 (for primary BMT) donor cells and a radioprotective dose of whole bone marrow cells (1 ϫ 10 6 ) freshly harvested from a C57BL/6 mouse were transplanted. The maintenance, monitoring, and endpoint treatment of the transplanted recipient mice are described in supplemental Methods.
Secondary BMT assays
For secondary BMT assays, MA9 and MA9 ϩ miR181b leukemic bone marrow blast cells were collected from primary transplantation mice, and then retrovirally transduced with either MSCV-PIG (still labeled as MA9 and MA9 ϩ miR181b, respectively) or MSCV-PIG-PBX3-CDS (labeled as MA9 ϩ PBX3-CDS and MA9 ϩ miR181bϩPBX3-CDS, respectively) through "spinoculation." 33, 38 The transduced cells were then plated in methylcellulose dishes for colony-forming for 7 days, except for the selection with puromycin alone. Colony cells were collected and washed with PBS, and then transplanted into sublethally irradiated (480 cGy) 8-to 10-week-old C57BL/6 (CD45.2) secondary recipient mice via tail vein injection, with 5 ϫ 10 5 donor cells plus a radioprotective dose of whole bone marrow cells (1 ϫ 10 6 ; freshly harvested from a C57BL/6 mouse) per secondary recipient mouse. The recipient mice were then maintained and monitored for leukemogenesis.
Flow cytometry
Cells from peripheral blood, BM, spleen, or liver were harvested for analysis of immunophenotypes. After washing with PBS, blocking nonspecific binding with affinity-purified anti-mouse CD16/32 (eBioscience), cells were stained at 4°C with various antibodies diluted in Flow Cytometry Staining Buffer (eBioscience) for 30 minutes. Subsequently, cells were washed with PBS and resuspended in IC Fixation Buffer (eBioscience) for flow cytometry analysis. Antibodies (eBioscience) used for our flow cytometric analysis include PE anti-mouse CD11b (12-0112; ie, Mac-1), PE anti-mouse Ly-6G (Gr-1, Gr1; 12-5931), PE anti-mouse/human CD45R (B220; 12-0452), allophycocyanin (APC) anti-mouse/human CD45R (B220; 17-0452), allophycocyanin anti-mouse CD4 (L3T4; 17-0041), allophycocyanin anti-mouse CD8 (␤-subunit; CD8b, Ly-3; 17-0083), PE anti-mouse CD45.1 (12-0453), and allophycocyanin anti-mouse CD45.2 (17-0454).
Results
Increased expression of both miR-181a and miR-181b is significantly associated with favorable outcome in 2 independent sets of CA-AML patients
In our previous bead-based miRNA expression profiling assay, we observed that miR-181a, miR-181b, miR-181c, and miR-181d were all expressed at a higher level in the favorable prognosis subtypes of CA-AML carrying t(8;21), inv(16), or t(15;17) than in an intermediate-to poor-risk subtype of CA-AML harboring MLL rearrangements. 33 We therefore speculated that increased expression of miR-181 family members might also be associated with favorable prognosis in CA-AML patients. Indeed, we found that increased expression of miR-181a and miR-181b was significantly (P Ͻ .05; Cox regression; supplemental Table 1 ; Figure 1A ) associated with longer OS in a set of 33 untreated primary CA-AML patients (ie, USA-set I; Table 1 ) that were studied in our previous bead-based miRNA profiling assay. 33 To validate this finding, we then analyzed an independent set of 53 CA-AML patients (USA-set II; Table 1 ) using Exiqon miRNA array platform. Patients expressing higher levels of miR-181a, miR-181b, or miR-181d had a significantly longer OS than those expressing lower levels (P Ͻ .05; Figure 1B ; supplemental Table 1 ).
In USA-set I, we showed that increased expression of miR-181a or miR-181b was significantly (P Ͻ .05) associated with longer OS in univariable testing (supplemental Table 1 ), although only that of miR-181b remained significant (P Ͻ .05) on multivariable testing (Table 3) , after adjusting for other variables that have a P less than .1 in the univariable analyses (supplemental Table 1 ). 
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Similar results were observed in the validation set (ie, USA-set II; Table 3; supplemental Table 1 ), except for that increased expression of miR-181d also exhibited a significant (P Ͻ .05) association with longer OS in univariable testing in USA-set II (supplemental Table 1 ).
Up-regulation of a gene signature composed of 9 potential targets of miR-181 is associated with poor prognosis in CA-AML patients
Of the 53 samples in USA-set II, we conducted Agilent customdesign microarray assay for 35 samples (termed as USA-set II-35S; Table 1 ). Because increased expression of miR-181b remains significantly (P Ͻ .05) associated with favorable OS in multivariable testing (Table 3 ) and its expression is very significantly positively correlated (r Ͼ 0.7; P Ͻ .0001; Pearson correlation) with that of miR-181a or miR-181d (supplemental Table 3 ), we chose miR-181b as the representative of the miR-181 family to identify potential target genes in CA-AML. Through correlating expression of miR-181b with those of miR-181 putative target genes, we identified 159 genes that exhibited a significantly inverse (P Ͻ .05; Pearson correlation) correlation of expression with miR-181b (supplemental Table 2 ).
Meanwhile, we have also conducted Affymetrix Exon array assay of a set of 87 CA-AML cases (USA-set III; Table 1 ). In addition, we extracted gene expression profiles of 61 CA-AML samples (termed as Germany-set I; Table 1 ) from a previous study by Bullinger et al. 20 We then performed Cox regression analyses to assess the association of expression levels of the 159 candidate target genes with OS in patients of USA-set II-35S, USA-set III, and Germany-set I, respectively. We identified 9 candidate targets (Table 2 ) whose increased expression levels were significantly associated with a worse OS after FDR adjustment for multiple tests across the 3 patient sets (FDR Ͻ 0.05; Hommel adjustment 37 ). Notably, among the 9 genes, there were 4 homeobox genes, including 3 HOXA genes (ie, HOXA7, HOXA9, and HOXA11) and a HOXA cofactor gene (ie, PBX3). As shown in Figure 2 , patients in intermediate-to poor-prognosis subtypes of AML carrying t(11q23) or trisomy 8 expressed significantly (P Ͻ .05; t test) lower levels of miR-181 and higher levels of the 4 homeobox genes compared with those in the favorable subtypes of AML bearing t(15;17), t(8;21), or inv (16) .
Increased level of a 4-gene signature, but not the 9-gene signature, is an independent predictor of poor prognosis in CA-AML patients
We further derived 2 gene sum-expression-value signatures, which were a linear combination of the expression values of the 4 (ie, HOXA7, HOXA9, HOXA11, and PBX3) and 9 (ie, the 4 plus MRPS18B, PLA2G4A, TRPS1, GNS, and PGPEP1) genes, respectively, weighted by the average correlation coefficient (supplemental Methods). As shown in supplemental Table 4 , increased expression levels of both the 4-gene signature and 9-gene signature were significantly (P Ͻ .05) associated with poor survival in all the 3 training sets, including USA-set II-35S, USA-set III, and Germany-set I. When patients in a given set were divided into 2 equal-size groups based on the median sum value of the 4-or 9-gene signature, patients with higher values exhibited significantly (P Ͻ .05) shorter OS than those with lower values in each training set (supplemental Figure 2A-C) . Through multivariable testing, we found that the increased level of the 4-gene signature, but not that of the 9-gene signature, remained significantly (P Ͻ .05) associated with shorter OS in all 3 training sets (Table 3) , after adjusting for all other variables that have a P less than .1 in univariable analyses (supplemental Table 4 ).
To validate these findings, we also extracted gene expression profiles of 271 CA-AML samples (termed as Netherlands-set I) from a previous study by Wouters et al. 32 The significance of the association of increased level of the 4-gene signature with shorter OS was confirmed in this validation set, and the 9-gene signature exhibited a similar prognostic impact (supplemental Table 4 ; Table  3 ; Figure 3 ). Considering multivariable testing results from both training and validation sets, our data suggest that up-regulation of the 4-gene signature is an independent predictor of poor prognosis in CA-AML patients.
Ectopic expression of miR-181b significantly decreased cell viability/growth and increased apopotosis of human MLL-rearranged leukemic cells, and significantly inhibited MLL-fusion-mediated cell transformation in vitro and leukemogenesis in vivo
As increased expression of miR-181a and, particularly of miR181b, is significantly (P Ͻ .05) associated with favorable prognosis in CA-AML patients ( Figure 1 ; Table 3 ; supplemental Figure 1) , we further investigated their biologic function in CA-AML in vitro and in vivo. The patients in each set were dichotomized into 2 groups based on the median value of expression signature of a given miR-181 family member. Kaplan-Meier curves were generated to depict outcomes. The P value was determined by log-rank test. | indicates censored. In USA-set II, miR-181c and miR-181d did not have reliable expression value in 1 patient sample.
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We chose MLL-rearranged AML as a model because it is a subtype of CA-AML in which miR-181b was expressed at a low level 33 (Figure 2 ; supplemental Figure 3) . We cloned the precusor sequence of miR-181a and miR-181b, respectively, into MSCV-PIG, a retroviral vector containing a PGK-puromycin-IRES-GFP (PIG) cassette. 3 Then, we transfected MSCV-PIG-miR-181a, MSCV-PIG-miR-181b, and MSCV-PIG (as a negative control), respectively, into 3 MLL-rearranged AML cell lines, including MONOMAC-6/t(9,11), THP-1/t(9,11), and KOCL-48/t(4,11). We found that ectopic expression of both miR-181a and miR-181b could decrease cell viability ( Figure 4A Figure  5D ) of the MLL-rearranged leukemic cells of each cell line, although miR-181b exhibited more evident effects than miR-181a. Similar effects were observed when we used miR-181a or miR181b mimic oligos instead of the vector-based ones (supplemental Figure 4) .
To investigate the effect of forced expression of miR-181a/miR181b in primary cell transformation and leukemogenesis, we cotransduced MSCV-PIG-miR-181a, MSCV-PIG-miR-181b, and MSCV-PIG, respectively, together with MSCVneo-MLL-AF9 into mouse normal bone marrow progenitor (ie, lineage-negative) cells and plated onto methylcellulose medium with G418 and puromycin selection. Colony cells were replated every 7 days for up to 4 passages. As shown in Figure 4C , cells transduced with empty Variables for which P Ͻ .1 in univariable models (supplemental Tables 1 or 4) were included in multivariable analyses. Hazard ratios (HR) Ͼ 1 or Ͻ 1 indicate, respectively, a higher or lower risk of an event (death) for higher values of continuous variables and for the first category listed for categorical variables in OS models. For personal use only. on May 14, 2017 . by guest www.bloodjournal.org From vector (as negative control), miR-181a, or miR-181b could not form colonies after 2 passages of plating. Although cotransduction of miR-181a or miR-181b with MLL-AF9 still could form hundreds of colonies after 2 passages of plating, the colony numbers were significantly (P Ͻ .05) lower than that of transduction of MLL-AF9 alone ( Figure 4C ), indicating that miR-181a/miR-181b can significantly inhibit cell transformation (ie, immortalization) mediated by MLL fusions.
Meanwhile, we have also collected colony cells from the first passage and then transplanted them into lethally irradiated recipient mice ("Primary bone marrow transplantation (BMT) assays and characterization of leukemia"). As shown in Figure 4D , forced expression of both miR-181a and miR-181b could delay leukemogenesis mediated by MLL-AF9, although only miR-181b exhibited a statistically significant (P Ͻ .05; log-rank test) effect. The forced expression of miR-181a or miR-181b was confirmed in leukemic BM cells by quantitative PCR ( Figure 4E ). As expected, all recipient mice of MLL-AF9 or miR-181 (a or b) ϩ MLL-AF9 developed myeloid leukemia (supplemental Figure 5 ; supplemental Table 6 ).
Endogenous expression of the 4 HOXA-PBX3 target genes was significantly repressed by forced expression of miR-181b in vitro and in vivo
As the 4 homeobox genes (ie, HOXA7, HOXA9, HOXA11 , and PBX3) exhibited a significantly (P Ͻ .05; Pearson correlation) inverse correlation of expression with (Table 2; supplemental Table  2) , and an opposite prognostic impact than, miR-181 family members, particularly miR-181b (Figures 1 and 3 ; Table 3 ), we checked endogenous expression changes of these 4 genes on manipulating expression of miR-181a/miR-181b in vitro and in vivo. As expected, we found that expression of all the 4 homeobox genes was significantly repressed by ectopically expressed miR181b both in vitro ( Figure 6A ) and in vivo ( Figure 6B ). Ectopic expression of miR-181a has a similar, though milder, effect compared with that of miR-181b ( Figure 6A-B) .
PBX3 is a validated target of miR-181a/miR-181b
PBX3 was the only gene associated with poor survival in all 4 training and validation sets (Table 2) , and it was repressed by miR-181a/miR-181b to a greater degree than the other 3 homeobox target genes ( Figure 6A-B) ; we therefore chose PBX3 as an important candidate target of miR-181 for further studies. We first conducted luciferase reporter and mutagenesis assays and showed that PBX3 is a direct target of miR-181a/miR-181b ( Figure 6C) . Furthermore, forced expression of miR-181a/miR-181b significantly down-regulated endogenous expression of PBX3 in MLLrearranged leukemic cells at both the RNA and protein levels ( Figure 6D ).
Forced expression of PBX3 can reverse the effects of miR-181a/miR-181b in vitro and in vivo
To investigate whether down-regulation of PBX3 is required for the function of forced expression of miR-181a/miR-181b, we synthesized human PBX3 coding region (ie, CDS, which does not contain The patients in the validation set (ie, Netherlands-set I; n ϭ 271) were dichotomized into 2 groups based on the median value of the 4-gene (4G signature; left panel) or the 9-gene (9G signature; right panel) signature, and then Kaplan-Meier curves were generated to depict outcomes. The P value was determined by log-rank test. | indicates censored. In primary mouse bone marrow transplantation (BMT) assay, both MA9 ϩ miR181a mice (n ϭ 5) and MA9 ϩ miR181b mice (n ϭ 5) developed leukemia slower than MA9 (ie, MLL-AF9 alone) mice (n ϭ 5), although only the difference between MA9 ϩ miR181b and MA9 mice is statistically significant (P ϭ .004; log-rank test). (E) Relative expression of miR-181a or miR-181b expression in MA9, MA9 ϩ miR181a, or MA9 ϩ miR181b leukemic mouse BM cells (samples from 3 mice in each cohort were analyzed). The level in MA9 was set as 1.
3Ј-UTR and thus would not be repressed by miR-181 family members) and then cloned it into MSCV-PIG (termed as MSCV-PIG-PBX3-CDS). We found that forced expression of the PBX3 coding region could reverse the effects of miR-181a/miR-181b on cell viability ( Figure 5A ; supplemental Figure Figure 5C ). Knocking-down expression of PBX3 in MLL-rearranged leukemic cells by siRNAs exhibited similar effects (supplemental Figure 6) to those of the ectopic expression of miR-181a/miR-181b ( Figure 4A ). For personal use only. on May 14, 2017 . by guest www.bloodjournal.org From
To determine whether the effects of miR-181a/miR-181b on cell growth and apoptosis of leukemic cells are dependent on PBX3 signaling, we transfected MSCV-PIG, MSCV-PIG-miR-181a, or MSCV-PIG-miR-181b into KASUMI-1 cells, which bear AML1-ETO fusions resulting from t(8;21). Consistent with primary t(8;21) leukemic cells (Figure 2 ; supplemental Figure 3 ), KA-SUMI-1 cells have a very low level of endogenous expression of PBX3 and a relatively high level of miR-181a/miR-181b expression. 33 As expected, forced expression of miR-181a and miR-181b has no significant effects on cell growth (supplemental Figure 7A ) and apoptosis (supplemental Figure 7B ) of KASUMI-1 cells, implying that effects of miR-181a/miR-181b do rely on their repression of PBX3 signaling.
To investigate whether forced expression of the PBX3 coding region can reverse effect of miR-181b in vivo, we collected MLL-AF9 (ie, MA9) and MLL-AF9 ϩ miR-181b (ie, MA9 ϩ miR181b) leukemic bone marrow blast cells from primary transplantation recipient mice ( Figure 4D ), and then retrovirally transduced with either MSCV-PIG (still labeled as MA9 and MA9 ϩ miR181b, respectively) or MSCV-PIG-PBX3-CDS (labeled as MA9 ϩ PBX3-CDS and MA9 ϩ miR181b ϩ PBX3-CDS, respectively) and selected for transduction-positive cells in methylcellulose dishes for 7 days. Then, the colony cells were collected and transplanted into sublethally irradiated secondary recipient mice. As expected, MA9 ϩ miR181b leukemic cells caused a much slower leukemogenesis in secondary recipient mice than MA9 leukemic cells, and such delay could be rescued by forced expression of PBX3-CDS in both types of leukemic cells ( Figure 5E ; supplemental Table 6 ). The levels of ectopic and endogenous expression of miR-181b and PBX3 were confirmed by quantitative PCR (Figure 5F ).
Discussion
Here we show that increased expression of both miR-181a and miR-181b is significantly (P Ͻ .05) associated with favorable OS in 2 sets of CA-AML patients (supplemental Table 1 ; Figure 1 ), although only that of miR-181b remained significant on multivariable testing (Table 3) . Furthermore, we show that miR-181 family members (particularly, miR-181b) may target a group of homeobox superfamily genes (ie, HOXA7, HOXA9, HOXA11, and PBX3; Figure 6 ; Table 2 ). Increased expression of this 4-gene signature was significantly (P Ͻ .05) associated with shorter OS in all 4 training and validation sets (supplemental Table 4 ; Figure 3 ; supplemental Figure 2 ), and this association remained significant (P Ͻ .05) on multivariable testing after adjusting for other variables (Table 3) . Notably, the gene expression data in different patient sets were derived from distinct microarray platforms (supplemental Figure 1) , implying that the prognostic impact of this 4-gene signature is robust.
Moreover, our functional studies showed that ectopic expression of miR-181b significantly promoted cell apoptosis and proliferation, and inhibited viability of MLL-rearranged AML cells ( Figures 4A-C and 5D ; supplemental Figure 4) . MLL-rearranged AML accounts for more than 10% of CA-AML and is associated with an intermediate to poor prognosis. 26, 39, 40 We further showed that miR-181b could significantly inhibit MLL-fusion-mediated leukemogenesis in both primary and secondary BMT assays ( Figures 4D and 5E ). miR-181a exhibited a relatively weaker effect compared with miR-181b both in vitro (Figures 4A and 5D ) and in vivo (Figure 4D ), although their ectopic expression levels were roughly similar (data not shown). The relatively stronger biologic For personal use only. on May 14, 2017 . by guest www.bloodjournal.org From effects of miR-181b ( Figures 4A,D and 5D ), compared with miR-181a, might in part be the result of its relatively stronger repression on expression of the 4 homeobox target genes ( Figure  6A-B) . Nonetheless, it is possible that miR-181b and miR-181a (and probably also other miR-181 family members) orchestrate the regulation of target genes in a synergistic manner.
Although expression signature of HOXA7, HOXA9, or PBX3 has been reported to be associated with poor survival of AML patients in several individual studies, 20, [29] [30] [31] their prognostic impact has not been tested in multivariable models or been validated by further large-scale independent studies, and some controversial data were reported. 15, 16 Indeed, we found that none of the individual 4 homeobox genes (ie, HOXA7, HOXA9, HOXA11 , and PBX3) can serve as an independent predictor of prognosis; instead, only the signature of the entire group of these 4 genes is an independent predictor of prognosis on multiple testing in all datasets we analyzed (supplemental Table 4 ).
HOXA7 and particularly HOXA9 have been shown to be required for the development and maintenance of MLL-associated leukemia, 21, 24, 27, [40] [41] [42] [43] [44] whereas the role of HOXA11 in leukemogenesis is elusive. As a cofactor of HOX proteins, PBX3 is a member of the PBX family of 3-amino-acid loop extension homeobox proteins, 17 which can form stable heterocomplexes with HOX and MEIS proteins to regulate the transcription of downstream targets. 18 However, although aberrant overexpression of PBX3 in CA-AML, such as MLL-associated leukemia, has been observed frequently, 20, 21, [23] [24] [25] its biologic function remains unexplored. A previous study suggested that PBX3 and PBX2, but not PBX1, were required for MLL fusion-or HOXA9-mediated leukemogenesis. 45 However, because PBX2 is not significantly up-regulated in MLL-associated leukemia 45 (supplemental Figure 3) , PBX3 would appear to be the most critical member of PBX family contributing to the development of MLL-associated leukemia. Here we demonstrated that PBX3 is a direct target of miR-181a/miR-181b in CA-AML (Figure 6C-D) . More importantly, we also showed that PBX3 played a significant oncogenic role that could reverse the effects of miR-181b both in vitro and in vivo ( Figure 5 ), suggesting that PBX3 may also play an important role in the development and maintenance of MLL-rearranged AML.
Despite the heterogeneous genetic backgrounds of human CA-AML, different treatment protocols applied (supplemental data), and different microarray platforms used, we identified a robust prognostic gene signature composed of 4 homeobox genes that are targeted by miR-181 family members (particularly miR181b). The up-regulation of this gene signature is probably a consequence of the down-regulation of miR-181 family members, which in turn contributes to the poor prognosis of CA-AML patients. In the future, it would be important to identify the mechanism(s) underlying the down-regulation of the miR-181 family. Our data suggest that restoring expression of miR-181b or targeting HOXA/PBX pathways directly may help to improve the outcome of patients with unfavorable CA-AML. Although not feasible in clinical use yet, previous studies 46, 47 have demonstrated the promise of miRNA replacement therapies; thus, miR-181b mimics may be clinically applicable in the future. Interestingly, antagonists (eg, HXR9; a small peptide) that disrupt the formation of HOX/PBX heterodimers have also shown promising anti-tumor effects in vitro and in vivo in various aggressive cancers, such as melanoma, 48 non-small-cell lung cancer, 49 and ovarian cancer. 50 Therefore, such antagonists might also be clinically appropriate for the treatment of poor-prognosis CA-AML, alone or in combination with other effective therapeutic drug(s), to substantially improve the survival of the patients.
